Critical windows of development are often more sensitive to endocrine disruption. The murine pituitary gland has two critical windows of development: embryonic gland establishment and neonatal hormone cell expansion. During embryonic development, one environmentally ubiquitous endocrine-disrupting chemical, bisphenol A (BPA), has been shown to alter pituitary development by increasing proliferation and gonadotrope number in females but not males. However, the effects of exposure during the neonatal period have not been examined. Therefore, we dosed pups from postnatal day (PND)0 to PND7 with 0.05, 0.5, and 50 mg/kg/d BPA, environmentally relevant doses, or 50 mg/kg/d estradiol (E2). Mice were collected after dosing at PND7 and at 5 weeks. Dosing mice neonatally with BPA caused sex-specific gene expression changes distinct from those observed with embryonic exposure. At PND7, pituitary Pit1 messenger RNA (mRNA) expression was decreased with BPA 0.05 and 0.5 mg/kg/d in males only. Expression of Pomc mRNA was decreased at 0.5 mg/kg/d BPA in males and at 0.5 and 50 mg/kg/d BPA in females. Similarly, E2 decreased Pomc mRNA in both males and females. However, no noticeable corresponding changes were found in protein expression. Both E2 and BPA suppressed Pomc mRNA in pituitary organ cultures; this repression appeared to be mediated by estrogen receptor-a and estrogen receptor-b in females and G protein-coupled estrogen receptor in males, as determined by estrogen receptor subtype-selective agonists. These data demonstrated that BPA exposure during neonatal pituitary development has unique sex-specific effects on gene expression and that Pomc repression in males and females can occur through different mechanisms. (Endocrinology 159: 119-131, 2018) T he pituitary is the master gland of the endocrine system, releasing hormones that control reproduction, lactation, growth, metabolism, and stress. To release these hormones, the anterior pituitary gland must develop five hormone-secreting cell types: gonadotropes, lactotropes, somatotropes, thyrotropes, and corticotropes. Development of the hormone-secreting cell types occurs during two key periods in mouse development: embryonic and neonatal. During embryonic development, cell specification is regulated by intrinsic and paracrine signals from the pituitary and surrounding tissue (1). However, during the neonatal period, the capability for communication between the hypothalamus, pituitary gland, and target organs develops (2, 3), suggesting a potential role for axis hormones in this window of development. Additionally, at birth, the testosterone surge establishes sex differences in the hypothalamic-pituitary-gonadal (HPG) and the hypothalamic-pituitary-adrenal (HPA) axes through local aromatization of testosterone to estradiol in the 
T he pituitary is the master gland of the endocrine system, releasing hormones that control reproduction, lactation, growth, metabolism, and stress. To release these hormones, the anterior pituitary gland must develop five hormone-secreting cell types: gonadotropes, lactotropes, somatotropes, thyrotropes, and corticotropes. Development of the hormone-secreting cell types occurs during two key periods in mouse development: embryonic and neonatal. During embryonic development, cell specification is regulated by intrinsic and paracrine signals from the pituitary and surrounding tissue (1) . However, during the neonatal period, the capability for communication between the hypothalamus, pituitary gland, and target organs develops (2, 3) , suggesting a potential role for axis hormones in this window of development. Additionally, at birth, the testosterone surge establishes sex differences in the hypothalamic-pituitary-gonadal (HPG) and the hypothalamic-pituitary-adrenal (HPA) axes through local aromatization of testosterone to estradiol in the male brain (4, 5) . Thus, the endocrine milieu postnatally can alter pituitary sensitivity to exposure to endocrinedisrupting chemicals (EDCs).
Bisphenol A (BPA) is an EDC found in several items such as polycarbonate plastics, epoxy resins, and thermal paper, leading to ubiquitous exposure (6) . Studies have suggested that the developing organs of fetuses and neonates have heightened sensitivity to EDCs such as diethylstilbestrol and BPA in both rodents and humans (7) (8) (9) . BPA is readily detectible in fetal cord serum, maternal serum, and fetal amniotic fluid in humans (10) , demonstrating exposure to BPA during critical developmental windows. A possible mechanism by which BPA is considered to act is by disrupting the actions of estrogens. The classic estrogen receptors estrogen receptora (ESR1) and estrogen receptor-b (ESR2) and the membrane G protein-coupled estrogen receptor (GPER) are found in the hypothalamus and pituitary gland (11) (12) (13) (14) (15) . However, the roles of estrogen signaling and the potential effects of BPA during neonatal pituitary development are unexplored.
Developmental exposure to environmentally relevant doses of BPA at or less than the no observed adverse effect level can affect every axis of the endocrine system regulated by the pituitary gland, including the reproductive axis (16) (17) (18) (19) (20) in rats and mice and the prolactin levels (21), growth axis (22) , thyroid axis (23) , and stress axis (24) in rats. BPA also alters sex differences of the HPG and HPA axes established by sex steroids (24) (25) (26) (27) . Despite the relatively quick metabolism of BPA (28) , changes can sometimes occur well after exposure has ended. For example, embryonic exposure to 25 to 250 ng/kg/d BPA led to reproductive tissue weight changes in adult female mice and changes in estrogen and progesterone receptor expression (9) . Also, neonatal exposure to 50 mg/kg/d to 50 mg/kg/d BPA had different outcomes on the rat hypothalamus at 2 days after exposure than at 8 days after exposure (27) , indicating the importance of examinations at multiple points after exposure. Therefore, it is clear that developmental exposure to BPA can influence sex differences and the endocrine axes, although regulation could be time and/or context specific. Despite this evidence, few studies have examined closely the effects of neonatal BPA exposure on the development and expression of genes in the pituitary gland itself.
Previously, our laboratory showed that embryonic exposure of pregnant mice to 0.5 or 50 mg/kg/d BPA increased pituitary proliferation and gonadotrope cell numbers in female offspring (29) , a response similar to that of estradiol (E2) (30) . However, the effects of neonatal exposure on the second wave of pituitary development are unknown. We hypothesized that BPA exposure would have different effects on the pituitary gland, depending on sex, the developmental period of exposure, and the time of examination after exposure. Additionally, we hypothesized that some of these effects might be similar to that of E2. To test this hypothesis, two experiments were performed. First, we examined pituitary glands at two time points after exposure neonatally to three environmentally relevant doses of BPA and E2 and compared the effects in males and females. Second, we treated isolated pituitary glands in culture with E2, BPA, and estrogen receptor subtype-specific agonists to determine the direct effects on the pituitary gland and an estrogen receptor pathway important in gene regulation.
Materials and Methods
Mice CD-1 mice, obtained from Charles River, were bred inhouse, kept in polysulfone cages containing corn cob bedding material, and fed Teklad 8664 rodent chow (Envigo) and water ad libitum through glass bottles. Sex was confirmed by visual inspection, SRY genotyping as previously described (31) , or gonadal removal. The University of Illinois Urbana-Champaign institutional animal care and use committee approved all procedures.
Experiment 1 design: effects of neonatal dosing
In the first experiment, we examined the effects of dosing male and female mice during the critical neonatal period of pituitary development. CD-1 litters were culled to 8 to 12 pups on the day of birth, and the neonatal pups were dosed orally through consumption from a pipet tip, once daily, from postnatal day (PND)0 to PND7 with control (0.1% ethyl alcohol), 0.05, 0.5, or 50 mg/kg/d BPA [BPA0.05, BPA0.5, and BPA50, respectively; Sigma-Aldrich; purity, $99%; Chemical Abstracts Service (CAS) no. 80-05-7], or 50 mg/kg/d E2 (17b-estradiol; Tocris; purity, .99%; CAS no. 50-28-2) dissolved in tocopherolstripped corn oil (MP Biomedicals). The litters were randomly assigned to a treatment group. The 0.05-and 0.5-mg/kg/d doses of BPA were chosen because they are within the range of human exposure levels (32) . The 50-mg/kg/d dose of BPA was chosen because it is the oral reference dose for BPA (33) . The 50-mg/kg/d dose of E2 was chosen because it was a dose sufficient to induce expression of estrogen-regulated genes in our system (31) . All pups in a litter were dosed with a single compound, and six separate litters were dosed with each compound. One male and one female were taken from each litter at each measurement point for each assay between 10 and 11 AM.
Part A: on neonatal pituitary development
Part A of the experiment examined the immediate effects of exposure to BPA and E2 during the neonatal period. The mice were euthanized on PND7, 1 hour after the final dosing. For western blot analysis, an additional dosing of each compound was performed, and all pups were collected at PND7 for western blot analysis.
Part B: at 5 weeks
Part B of the experiment examined whether neonatal dosing would influence the pituitary outside the first postnatal rapid growth phase, which ends at 3 weeks of age (34) . The 5-week-old siblings of the mice examined at PND7 were collected for RNA analysis. One male and female were analyzed from each litter, if possible. Because of the sex distribution, it was not always possible to have the number equal six. The estrous cycles were monitored beginning at 5 weeks by vaginal smear (35) , and the mice were euthanized when in estrus. Female mice were euthanized in estrus because neonatal E2 treatment caused persistent estrus.
Measurements, weights, and puberty assessment At PND7 and 5 weeks, the weights and measurements were recorded to determine whether any gross systemic effects of BPA or E2 exposure had occurred. The wet weight for the testes, ovaries, uteri, and liver were all compared with the body weight. The anogenital distance was measured using calipers and compared with the body weight. Puberty measurements were observed, stratified by the day of vaginal opening for females and preputial separation for males.
Experiment 2 design: pituitary cultures
PND1 pituitary glands were cultured overnight on Millicell CM membranes (Millipore), as previously described (31 (36, 37) . For the cotreatment experiments with PPT and DPN, 0.2% ethanol vehicle was added to the dendrimer control. The pituitary glands were treated for 48 hours before collection (n = 6 to 13).
Quantitative reverse transcription polymerase chain reaction
For RNA analysis, males and females were analyzed separately (n = 3 to 6). RNA was processed, as previously described (38) . The expression levels of the genes of interest were normalized to Actb messenger RNA (mRNA) levels, with the primer sequences of forward 5 0 to 3 0 : GACATGGAGAAGATCTGGCA and reverse 5 0 to 3 0 : GGTCTCAAACATGATCTGGGT (Life Technologies). Gene expression for Mki67, Lhb, Nr5a1, Tshb, Gh, and Prl was analyzed using primer sequences previously reported (29) and Pit1 and Tpit previously reported (38) . Finally, the Pomc sequences used were forward 5 0 to 3 0 : GATAGCGGGAGAGAAAGCCG and reverse 5 0 to 3 0 : GGGACCCCGTCCTGTCCTAT. The data were analyzed using the standard comparative change in threshold cycle(DCt) value method, as previously described (39) . For in vivo analysis, individual points were graphed, with the sex indicated and averages shown as a line. For pituitary cultures, bar graphs representing the data were prepared.
Immunohistochemistry
Pituitary glands were collected at PND7 from the exposed mice and fixed in 3.7% paraformaldehyde for 1 hour, cryoprotected in 30% sucrose/phosphate-buffered saline (PBS) solution, and frozen in optimal cutting temperature compound (Electron Microscopy Sciences). The pituitary glands were sectioned into 10-mm slices before being mounted onto Superfrost plus slides (Fisher Scientific).
Before antibody treatments, frozen sections were thawed for 10 minutes, fixed in 4% paraformaldehyde diluted in PBS, and blocked using 5% normal donkey serum diluted in an immunohistochemical (IHC) block, which had 3% bovine serum albumin and 0.5% TritonX-100 diluted in PBS. The slides were then treated with the following primary antibodies overnight at 4°C: LHb (luteinizing hormone-b; National Hormone and Peptide Program), phosphorylated histone H3 (Millipore), PIT1 (gift from Simon Rhodes), and POMC (Dako). After a series of PBS washes, the slides were treated with biotin-conjugated rabbit secondary antibody (Jackson ImmunoResearch) diluted 1:200 in an IHC block for 60 minutes at room temperature. After another series of PBS washes, the slides were treated with streptavidin-conjugated cy3 tertiary antibody (Jackson ImmunoResearch) diluted 1:200 using an IHC block. Control slides were prepared that did not include the primary antibody.
All slides were counterstained with 4 0 ,6-diamidino-2-phenylindole (1:1000; Sigma-Aldrich) and visualized under a Leica DM2560 microscope. Photographs were taken using a Retiga 2000R camera (Q-Imaging) and acquired using QCapture Pro software (Q-Imaging). Images were processed using Adobe Photoshop CS2. 
Cell counting

Western blot
Three pituitary glands were frozen on dry ice and lysed using radioimmunoprecipitation assay buffer. Protein fractions were obtained by centrifugation for 5 minutes at 4°C at 20,817 relative centrifugal force. The total protein concentration was measured via a BCA protein assay kit (Thermo Fisher) according to the manufacturer's instructions. Protein samples (20 mg) were mixed with radioimmunoprecipitation assay buffer and 33 Laemmli loading dye and then heated for 12 minutes at 57°C. The samples were loaded on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and transferred to a nitrocellulose membrane (BioRad). The membrane was blocked for 2 hours in 5% nonfat dried milk in Trisbuffered saline and incubated with either PIT1 antibody (rabbit; 1:1000; gift from Dr. Simon Rhodes), POMC antibody (rabbit; 1:250; Dako), b-actin antibody (rabbit; 1:1000; Cell Signaling), or a-tubulin antibody (mouse; 1:5000; Sigma-Aldrich) in 1% milk with 0.2% Tween, overnight at 4°C. Secondary goat anti-rabbit (1:500) or goat anti-mouse (1:5000) IgG conjugated to IRdye 800CW (LiCor) was added at room temperature for 1 hour. The membrane was then imaged with the Odyssey IR imaging system (LiCor). The relative protein levels were analyzed using National Institutes of Health ImageJ.
Statistical analysis
Statistical significance among the controls, three BPA treatment groups, and E2 was determined using one-way analysis of variance within sex. Within sex was used because sex differences were expected in some gene expression levels between the control males and females (31) . Only one pituitary gland of each sex from each litter was used in the quantitative polymerase chain reaction (PCR) analysis; thus, litter was not considered as a covariate. If significance was found, the mean fold change between groups was compared using the Tukey honest significant difference test in Microsoft Excel for both quantitative reverse transcription PCR and cell counting. For quantitative reverse transcription PCR of pituitary explant culture experiments, significance was determined using a twotailed t test. P values of # 0.05 were considered statistically significant.
Results
Experiment 1: neonatal dosing caused few changes in gross appearance of mice
Previous studies have demonstrated that the embryonic pituitary gland is sensitive to BPA exposure. Therefore, we sought to examine the effects of BPA exposure specifically during neonatal development. Organ weights and measurements were taken to determine whether any gross effects were present. The testes, ovaries, uteri, and liver weights are provided as a percentage of body weight (Table 1) . At PND7, the lowest dose of BPA decreased the ovary weight compared with the control, and E2 had increased the uterine weight compared with the control. At 5 weeks, the same weights and measurements were gathered. No statistically significant differences were found in the body weights or measurements between any of the treatments at the 5-week point ( Table 2) . To examine whether BPA exposure during the neonatal period affected the gonadotrope lineage, the mRNA expression levels of the gonadotrope lineage transcription factor Nr5a1 were examined. No statistically significant effect of exposure on Nr5a1 mRNA levels was found in males at PND7 [ Fig. 2(a) ; F (4, 25) = 0.81; P = 0.53). In females, a statistically significant effect of exposure was found on Nr5a1 mRNA levels [ Fig. 2(b) ; F (4, 25) = 2.85; P # 0.04]. An increase in Nr5a1 with E2 treatment was found (P # 0.01). To explore whether a difference in Nr5a1 mRNA levels would exist later, we examined the pituitary glands at 5 weeks. In these mice, the males showed no statistically significant main effect of treatment on Nr5a1 mRNA levels (Table 3) .
Experiment 1: low levels of BPA exposure decreased Pit1 mRNA in males only, without altering hormone transcript levels PIT1 is a transcription factor found exclusively in the pituitary gland and is important in the development of lactotropes, somatotropes, and thyrotropes and expression of their respective hormones. A statistically significant effect of exposure on Pit1 mRNA levels was found in males [ Fig. 3(a) ; F (4, 25) = 3.23; P # 0.03]. The lowest doses of BPA, BPA0.05 and BPA0.5, decreased the levels of Pit1 mRNA (P # 0.002 and P # 0.007, respectively); however, BPA50 and E2 had no statistically significant effect on Pit1 mRNA during this period. In females, exposure did not have a statistically significant effect on Pit1 mRNA [ Fig. 3(b) ; F (4, 25) = 1.84; P = 0.15]. To determine whether the decrease in Pit1 mRNA in males would correspond with a decrease in protein, western blot analysis was performed. No statistically significant change in PIT1 protein was seen with any treatment group in the males at PND7 [Fig. 3(c) ]. Additionally, immunohistochemistry for PIT1 did not reveal any obvious differences in the treatment groups in the males (Supplemental Fig. 1 ). PIT1 is a transcriptional regulator of Gh, Prl, and Tshb. Consequently, we examined mRNA expression of these hormones to determine whether BPA-mediated repression of Pit1 mRNA resulted in downstream effects on hormone mRNA expression. A statistically significant effect of exposure was found for Prl mRNA levels in males [F (4, 25) = 53.86; P # Experiment 1: BPA decreased Pomc mRNA in a dose-and sex-specific manner The last lineage examined was the TPIT lineage, which includes the corticotrope and melanotrope cells. At PND7, no statistically significant effect of BPA or E2 exposure was found on Tpit mRNA levels in males Fig. 4(c) ; P # 0.02; P # 0.01]. In contrast, exposure to the lowest dose of BPA, BPA0.05, and the highest dose, BPA50, showed no statistically significant change in Pomc mRNA [ Fig. 4(c) ]. In females, Pomc mRNA was reduced with exposure to Fig. 1 ). Next, intrapituitary POMC protein levels were examined by western blot analysis in both males [ Fig. 4 (e)] and females [ Fig. 4(f) ], and no statistically significant changes in protein levels were detected in either sex. Next, Pomc mRNA levels were Next, pituitary glands were treated with BPA, which substantially reduced Pomc mRNA in both sexes, similar to the effects with E2 [ Fig. 5(b) ], suggesting these compounds can act directly at the pituitary to exact changes in Pomc expression similar to that found in vivo.
Experiment 2: Pomc mRNA is decreased by ESR1 and ESR2 in females and by GPER in males Because Pomc was suppressed by E2 and BPA directly at the pituitary, the precise estrogen signaling pathway that might be involved in this process was examined. First, the pituitary glands were treated with an ESR1 selective agonist, PPT. PPT alone was unable to statistically significantly suppress levels of Pomc mRNA [ Fig.  6(a) ; male, P = 0.09; female, P = 0.17]. Next, pituitary glands were treated with the ESR2 selective agonist, DPN. DPN alone was also unable to statistically significantly suppress the levels of Pomc mRNA [ Fig. 6(b) ; male, P = 0.79; female, P = 0.93]. Because PPT or DPN alone did not suppress Pomc sufficiently, the pituitary glands were cotreated with PPT and DPN to determine whether activation of both ESR1 and ESR2 would lead to relevant repression. This cotreatment was able to suppress Pomc mRNA in females but not in males [ Fig. 6(c) ; male, P = 0.71; female, P # 0.002].
To determine whether this regulation of Pomc might occur through membrane estrogen receptors, pituitary glands were treated with an estrogen dendrimer conjugate. This compound is too large to enter the nucleus and thus only activates estrogen receptors in the plasma membrane or cytoplasmic sites. Treatment of pituitary glands with this compound did not lead to any statistically significant changes in Pomc expression [ Fig. 6(d) ; male, P = 0.26; female, P = 0.91]. Next, cotreatment of PPT, DPN, and estrogen dendrimer conjugate, meant to activate both membrane and nuclear signaling pathways, showed suppression of Pomc in females but, again, not in males [ Fig. 6 (e); male, P = 0.37; female, P # 0.003]. Finally, pituitary glands were treated with the GPER selective agonist G1. G1 was able to decrease the levels of Pomc mRNA in males but not in females [ Fig.  6 (f); male, P # 0.01; female, P = 0.64]. This showed that suppression of Pomc can occur through multiple pathways and can be different between males and females.
Discussion
We have demonstrated that critical windows of development exist in which the mouse pituitary gland is sensitive to BPA exposure and that differential effects occur based on age and sex. Embryonic exposure to 0.5 or 50 mg/kg/d BPA increased pituitary proliferation and gonadotrope number in a sex-specific manner (29) . Exposure to BPA during the neonatal period did not affect proliferation and also had little effect on gonadotropes. However, we did see a decrease in Pit1 mRNA expression with lower doses of BPA in males and sex-specific decreases in Pomc mRNA with exposure to BPA and E2. Pomc mRNA regulation by BPA and E2 can occur at the level of the pituitary in males and females; however, sex-specific downregulation of Pomc mRNA levels occurs with distinct estrogen receptor agonists. Therefore, these findings highlight that the pituitary is dynamically affected by BPA exposure in a sex-specific manner and emphasize the need for examining different periods of exposure and times after exposure.
Previously, our laboratory showed that embryonic exposure to BPA in mice led to an increase in progenitor proliferation and differentiation to the gonadotrope lineage at PND0 in females (29 (40) (41) (42) , which could alter the precise cellular dynamics leading to these changes. Additionally, the functionality of the HPG axis during these two periods might play a role. Development of the HPG axis begins before birth (2) and is of critical importance to the pituitary, because both hpg (hypogonadal) mice lacking gonadotropin-releasing hormone (GnRH) and kisspeptin receptor, GPR54, knockout mice have lower serum gonadotropin levels at birth (41, 43) . However, after birth, the pituitary does not respond to GnRH with increased luteinizing hormone release until 2 weeks of age, despite a high frequency of GnRH stimulation in the first week of life (44) . This suggests that the pituitary is hyporesponsive to stimuli during the neonatal period, in contrast to the embryo or the adult. Perhaps, late during the embryonic period, the HPG axis and regulation of proliferation and Lhb mRNA is active; however, after birth, the responsiveness of the pituitary to GnRH and proliferation signals is decreased, preventing disruption of Lhb mRNA and proliferation by BPA during the neonatal period.
Despite an absence of similar changes in the neonatal and embryonic periods, effects were observed that were specific to neonatal exposure. The lowest doses of BPA, within the range of human exposure, decreased Pit1 mRNA in males. To the best of our knowledge, BPA has not been previously shown to affect Pit1 transcription. This could be a nonestrogenic action because the same effect was not seen with E2. However, E2 has been shown to increase Pit1 mRNA in cell lines and somatotrope-specific estrogen receptor-a knockout mice in adults (45) . It is possible that regulation of Pit1 mRNA by E2 was not seen in our experiments because of the neonatal timing. BPA has been shown to bind different receptors, including the androgen receptor, estrogen-related receptor, thyroid hormone receptor, peroxisome proliferator-activated receptor, aryl hydrocarbon receptor, and glucocorticoid receptor (46, 47) . Therefore, it is possible that BPA might be acting through one of these other receptors to reduce Pit1 mRNA levels. Despite the decrease in Pit1 mRNA with low doses of BPA in males, we did not see any effect on the transcript levels of Prl, Gh, or Tshb. Furthermore, we did not find any change in the protein levels of PIT1, supporting the lack of changes in the transcription of genes regulated by PIT1. These data suggest the pituitary might use compensatory mechanisms to https://academic.oup.com/endomaintain consistent levels of PIT1 in the presence of BPA exposure. Neonatal BPA exposure also had striking effects on the TPIT lineage that were not seen after embryonic dosing. We observed a decrease in Pomc mRNA in the E2-, BPA0.5-, and BPA50-exposed females and with BPA0.5 and E2 exposure in males, independent of the Tpit mRNA changes. E2 exposure via an implanted 0.5-mg pellet in the adult rat has been shown to reduce Pomc mRNA in the pituitary, which also leads to decreased plasma adrenocorticotropic hormone (ACTH) and corticosterone levels when stressed (48) . Seeing the same suppression of Pomc in the neonate suggests that the mechanism by which this inhibition occurs is established early on. However, the precise mechanism is unclear. BPA50-exposed males did not show a statistically significant decrease in Pomc mRNA. This represents a crucial sex difference in Pomc mRNA regulation with varying amounts of exposure and, potentially, a nonmonotonic dose response in males. Despite this, we did not see a decrease in intrapituitary POMC protein expression or cell number. There could be a variety of explanations, such as increased translation, to compensate for decreased transcription. Alternatively, it could be that hormone release is also affected, and intrapituitary POMC levels are kept consistent. Other studies in rats have demonstrated the ability of 2 or 40 mg/kg/d BPA to regulate Pomc mRNA levels and blood ACTH levels in males compared with females in response to stress (24, 49) , emphasizing the importance of sex as a variable in research on the HPA axis.
Of the parameters examined, few statistically significant effects of BPA exposure at 5 weeks after neonatal dosing. A decrease was seen in Nr5a1 in BPA0.05-treated female pituitary glands at 5 weeks; however, no corresponding decrease was seen in Lhb. Additionally, changes in Pit1 at PND7 were not seen at 5 weeks. However, a suppression of Pomc in BPA0.5-treated females was found at 5 weeks, suggesting the possibility of lasting effects on the stress axis. Despite the relative lack of changes due to BPA, E2 exposure affected the reproductive axis of 5-week females, leading to lower Nr5a1 and Lhb levels and persistent estrus. Therefore, neonatal E2 exposure might have permanently altered the HPG axis, which could affect fertility in females. Although the effects of BPA were minimal on the 5-week old pituitary gland, it is possible that changes could be present at different time points. Additionally, these data highlight that it is vital to examine exposure during critical windows of development.
The strongest effect of neonatal dosing was a decrease in Pomc mRNA with both E2 and BPA. Further analysis demonstrated that this decrease might be a direct effect on the pituitary itself. Although it has been reported that E2 can regulate Pomc mRNA, conflicting findings have been reported on the direction and mechanism. In the adult rat pituitary, E2 decreased Pomc mRNA, leading to decreased stress-related ACTH release (48) . This effect, however, might not be due to a direct effect on the pituitary gland because, in adult anterior pituitary-cultured cells, E2 treatment did not alter Pomc mRNA expression. However, in the neurointermediate lobe, E2 treatment increased Pomc mRNA (50) . In contrast, neonatal testosterone propionate decreased Pomc mRNA in the adult, and treatment of E2 returned the levels of Pomc mRNA to normal (51) . Pomc is also expressed in the hypothalamus, and E2 treatment decreases Pomc mRNA in embryonic hypothalamic cultures (52) . Alternatively, in adult mice, E2 increased Pomc mRNA in POMCexpressing neurons (53) . Although different effects of E2 on Pomc expression have been observed, it is clear that E2 can regulate Pomc in an age-dependent and sexspecific manner. The mechanism by which estradiol regulates Pomc expression is not well understood; however, in the hypothalamus ESR1 colocalizes with POMC-expressing neurons (54), suggesting a role for ESR1. In our studies of the neonatal pituitary gland, ESR1 and ESR2, together, decreased the levels of Pomc mRNA in females, but not in males. In contrast, activation of GPER decreased the levels of Pomc mRNA in males but not in females. This interesting observation can be explained by differing levels of estrogen receptors or isoforms of the receptors. In the adult pituitary gland, estrogen receptor mRNA isoforms are differentially expressed in males and females. In addition, pituitary expression of these isoforms can vary in females depending on the stage of the estrous cycle (55). Therefore, it is possible that differences in receptor expression or activation during this neonatal period could lead to the differing pathways for Pomc mRNA downregulation and should be further explored. However, it seems that despite the possible differences in the roles of the various estrogen receptors, it is clear that estrogen stimulation in the neonatal pituitary leads to decreased Pomc mRNA expression.
Conclusions
Overall, we found contrasting effects of BPA exposure in the embryonic vs the neonatal period. This might be demonstrating that the critical window for proliferation and gonadotrope regulation is embryonic, and the critical window for corticotrope regulation is neonatal. After removal of BPA, minimal statistically significant effects were seen, potentially demonstrating the plasticity of the pituitary in regulating itself to maintain the proper cell number and hormonal signaling. A commonality in both the embryonic and the neonatal periods was the existence of sex-specific effects, which could hint at either baseline differences in male and female pituitary glands or differences in hormone signaling, both worthy of further exploration. Finally, in our studies, we began to explore the mechanism of estrogenic regulation of Pomc mRNA. We observed that receptor-selective agonists have sex-specific effects on Pomc gene expression. This might suggest that BPA can activate different estrogen receptors in males and females and, therefore, could be a potential mechanism by which BPA mediates sexspecific effects.
